Abstract -Infections of the gastrointestinal tract with parasitic nematodes remain one of the main limiting factors in grazing dairy goats. The usual mode of control of these parasitic diseases has up to now been based on the repeated use of anthelmintics. However, the prevalence rates of anthelmintic resistances, in particular to benzimidazoles, are now particularly high in the French dairy goat production. This situation makes it mandatory to reconsider the usual mode of control of these nematodes and to look for short term, alternative solutions which combine the control of gastrointestinal infections and management of anthelmintic resistances. One of the possible options is to leave a part of the flock without treatment during the grazing season in order to maintain alleles of susceptibility to anthelmintics within the worm populations. Previous epidemiological observations identifying the categories of host populations at risk are presented which provide the rationale for targeted applications of treatments. The results of assays on experimental flocks and from farm surveys examining the advantages and drawbacks of selective treatments are presented. The value of these results in combination with other alternative solutions of control are discussed in order to use minimum treatments with maximum benefits. dairy goat / anthelmintic / selective treatment / anthelmintic resistance / parasitic nematode Résumé -Maîtrise des strongyloses gastro intestinales chez les chèvres laitières par l'application de traitements ciblés. Les infestations par les nématodes du tractus gastro intestinal demeurent un des principaux facteurs limitant à l'élevage des chèvres laitières au pâturage. Le mode usuel de maîtrise de ce parasitisme reposait jusqu'à présent sur un usage répété de molécules anthelminthiques. Cependant, la prévalence des lignées résistantes aux anthelminthiques, en particulier aux benzimidazoles, en éle-vage caprin laitier en France, est désormais très élevée. Ce constat oblige à rechercher rapidement des 531
INTRODUCTION
The control of gastrointestinal trichostrongylosis in small ruminants is severely impaired by the increasing development of anthelmintic resistances [59, 60] . Resistances to the three main families of broad spectrum anthelmintics available for the control of trichostrongyles have been described worldwide in most nematode species (see reviews by [40, 59, 62] ). In addition, isolates resistant to several or even all major anthelmintic classes have now been described [70] .
THE SITUATION OF ANTHELMINTIC RESISTANCES IN FRENCH DAIRY GOAT FARMS
Anthelmintic resistance is a major issue in both species of small ruminants but comparisons between sheep and goats clearly indicate that the rate of emergence and the prevalence of anthelmintic resistances are higher in goats than in sheep, and particularly in dairy goats [6, 40, 41] . Several breeding management factors are involved 532 H. Hoste et al. in the building of anthelmintic resistance in worm populations [62] , but the higher prevalence in dairy goats has mainly been related to (i) the high frequency of treatments in goats due to their poor ability to develop a strong immune response to nematode infections [27] ; (ii) the restricted choice of the anthelmintic family during lactation to avoid drug residues in milk and (iii) the specificities in the metabolism of antiparasitic drugs which make ovine doses unadapted in goats and lead to underdosing when using the ovine recommended dose [10] . These factors, that is frequent treatments, lack of alternation between molecules and underdosing, are known to favour the development of anthelmintic resistance [40] . In addition, a recent survey by questionnaires on the use of anthelmintics in goats showed that the same errors in the use of drugs are still committed despite constant efforts dedicated to informing goat farmers [29] . As a consequence, the results from surveys on anthelmintic resistance conducted during the last 15 years on dairy goat farms in France have underlined the constant increase in the prevalence rate and the seriousness of the current situation, especially for benzimidazole resistance. This situation is not unique to France since it is common to all areas with intensive breeding of goats. Benzimidazole resistance in goat nematodes was first described in 1985, in France [42] . Since that time, several records of benzimidazole resistance have been found, particularly on farms showing a history of anthelmintic ineffectiveness. Two more recent surveys in western and southwestern parts of France give a better estimation of the prevalence of benzimidazole resistant nematodes since they were performed on a random sample of goat farms [12] . These two geographical areas present quite different management systems: a more intensive one in the western area (limited use of pastures, high frequency of anthelmintic treatments per year: 6.5) and the southwestern area being more extensive (large areas for grazing and browsing, fewer anthelmintic treatments per year: 2.5). In both surveys, prevalence of benzimidazole resistance was very high, ranging from 83 to 100%, and involved the three most prevalent nematode species of goats, i.e. Trichostrongylus colubriformis, Teladorsagia circumcincta and Haemonchus contortus. In the southwestern area, benzimidazole resistance was monospecific (involving only one nematode species) on 9 farms out of 15 and multispecific on the 6 remaining farms. In addition to the previously mentioned misuse of anthelmintics, some breeding management factors are associated with the occurrence of benzimidazole resistance [61, 62] . Concerning levamisole and avermectin resistance, data remain scarce and must be interpreted with caution because of the discrepancies between field surveys based on faecal egg count reduction tests and laboratory results using in vitro or controlled tests [24, 38, 47] . Until now, levamisole resistance has been suspected in a few cases [12] whereas no information is available for the avermectin group.
THE POSSIBLE SOLUTIONS
The need for alternative or complementary solutions to anthelmintics thus appears particularly urgent in goat production. In sheep and cattle, several options are currently explored which are aimed at either improving the host response (genetic selection of resistant lines to gastrointestinal trichostrongyles, interactions between protein nutrition and parasitism, vaccines) or avoiding contamination (grazing management, use of nematophagous fungi, …) [73, 75] . However, these solutions have received much less attention in goats than in sheep [39, 48] , despite major differences between the two host species with regards to feeding behaviour, mucosal immunity and physiology. In addition, these options also represent long term alternatives whereas the situation of anthelmintic resistance in dairy Targeted treatments against trichostrongyles in goats 533
goat production is such that it requires short term innovative measures.
Among these, the interaction of nematode infection and the level of protein intake has recently begun to be investigated in dairy goats in both experimental and natural conditions [17] . The principal results have been obtained for animals in the periparturient period as well as in lactation. A reduction in the periparturient rise was observed after supplying additional energy and protein to the diet during the period around kidding [18] . Similarly, in lactating goats, which were experimentally infected with trichostrongyles, the nematode egg output was decreased in the animals receiving a high protein (HP) diet compared to those with a normal protein diet. Moreover, the HP diet allowed to sustain milk production especially in the high producing animals [19] . These results have been confirmed in natural conditions since goats receiving an HP diet exhibited lower faecal egg counts and higher milk production as compared to a normal protein diet [13] . Overall, these results suggest the possibility to manipulate the protein level of the diet, in goats as in sheep [14, 35, 67] to improve the resistance (the host responsiveness to regulate worm populations) and/or the resilience (the ability of an animal to maintain production under parasitic challenge) to nematode infection. However, the range of manipulation for protein content in farm conditions is narrow for various reasons (the high level already offered, sanitary risks of metabolic diseases, costs, restricted choice of possible protein supplementation). Clearly, further studies and data are necessary before implementation in the field. Consequently, other, more straightforward options appear useful, like those aiming at a better use of anthelmintics.
Due to the limited size of the commercial market which is represented by the production, it is unlikely that goats would easily and directly benefit from the new compounds developed and registered by the pharmaceutical industry. Hence, besides the long term alternatives previously evoked, an improved integrated use of the available anthelmintics represents one immediate and probably simpler option to preserve the efficiency of current drugs. Several programmes to reduce the pressure of selection for anthelmintic resistant worms were previously explored in sheep in Australia and in New Zealand. They were usually based on practices which tend to reduce the role of factors known to favour the emergence/development of resistance in worm populations, that is reducing the frequency of treatments; avoiding underdosing; alternating anthelmintic families and recommending, when possible, the use of narrow spectrum drugs [15, 16, 76] . On the other hand, one of the main solutions to preserve the current drugs is to stop using them without discrimination and to promote a more selective use, by targeting the most infected animals within a flock.
THE GENERAL OBJECTIVE AND PRINCIPLE OF TARGETED TREATMENT: TO DILUTE THE ALLELES OF RESISTANCE IN WORM POPULATIONS

General principle
Basically, most of the strategies which have been proposed to manage anthelmintic resistances aim at keeping a sufficient proportion of alleles of susceptibility in the worm populations in order to dilute the resistance genes. This objective is usually achieved by respecting a balance between the parasite populations on the pastures (larval stages), which are not in contact with the anthelmintics, and the worm populations in the hosts, which are directly submitted to the pressure of selection. This principle leads to recommendations such as (i) avoiding treatments at a periodicity/frequency corresponding to the prepatent 534 H. Hoste et al. periods of the worm in order to permit dissemination of susceptible eggs and alleles before any selection pressure is exerted or (ii) drenching at times when populations of parasite larvae on the pastures are relatively high compared to the worm populations in the hosts [38, 40] .
Another possible way to keep the alleles of susceptibility within the worm populations is to act exclusively on the infrapopulation levels (parasites in the hosts) by withholding treatments from a part of the flock [1] . This measure represents the rationale for selective anthelmintic drenching by targeting the most susceptible individuals within flocks. The cornerstone for any application of selective treatments in the field is represented by the need to identify, quickly and with confidence, the most infected animals, representing the highest epidemiological risk. This could be achieved either after evaluating the intensity of infection on an individual basis, using different diagnostic methods; or by treating categories of animals within a flock, that have been identified from previous epidemiological studies, as being particularly at risk and representing a specific epidemiological threat.
Selective treatments targeting individuals
Two examples of selective treatments targeting individuals have been previously explored. In horses, programs for selective treatment have been developed to limit the use of anthelmintics against strongyles and preserve drug efficiency. The selection of horses to be treated was based on regular individual coproscopical examination. Horses with egg counts exceeding a predefined threshold were classified at risk and were drenched, whereas the rest of the herd remained untreated [23, 45] . The efficiency of the method to control parasitism by nematodes has been demonstrated.
In small ruminants, a similar individual approach has been adopted in South Africa to improve the control of specific infection with the haematophagous worm, Haemonchus contortus, without widespread use of antiparasitic drugs. The so-called FAMACHA  method proposed is also based on the principle of individual treatment, decided after clinical diagnosis of anaemia, using a semi quantitative evaluation of the eye mucosal colour [68, 69, 71] .
However, these methods of selective treatments applied to individuals present several drawbacks when considering their possible application to the situation in French dairy goat farms. Identification of animals based on coproscopical examination is probably easier to apply in horses or cattle than in small ruminants because of the number of samples required and the related cost. As underlined by Eysker and Ploeger [21] , the cost of a diagnostic test should be low enough for farmers and veterinarians to accept it as a tool. In contrast, the FAMACHA  method is of low cost even for large flocks. However, whereas the method is well suited to control nematodes responsible for anaemia, such as H. contortus, it appears less adapted for infection with other genera, such as Teladorsagia or Trichostrongylus, which are not blood suckers. These two latter genera are, however, very common in temperate regions. For example, Teladorsagia circumcincta and Trichostrongylus colubriformis represent the two most prevalent species found on dairy goat farms in most geographical areas in France [7, 8, 11, 22, 31] .
BASIC INFORMATION FOR SELECTIVE TREATMENTS TARGETING SPECIFIC SUBGROUPS IN DAIRY GOATS
Because of the potential difficulties for the application and acceptance by farmers of treatments targeting identified individuals Targeted treatments against trichostrongyles in goatson dairy goat farms, options for selective treatments targeting host categories at risk are considered a better solution to explore. This design is favoured by several characteristics of worm infection in dairy goat flocks.
Aggregative distribution of worm populations
The importance to assess the type of distribution of trichostrongyle populations among domestic ruminants has been largely underlined in the different programs for genetic selection of animals resistant to nematode infection. However, the assessment of the overdispersion of parasites in host populations is also a major criteria for the design of any selective chemotherapy [63] since it means that major gains in the reduction of pasture contamination and prevention of parasitic diseases could be obtained by treating a limited number of animals.
The aggregative distribution of nematode infections within host populations has been largely documented in sheep [52, [63] [64] [65] . This overdispersion is usually thought to mainly reflect individual variability in the acquisition and expression of the immune response against helminths. However, because it is generally considered that adult goats are less able to resist to nematode infection of the digestive tract than sheep, it appeared necessary to collect direct information on the distribution of egg excretion and nematode populations in goats. Compared to sheep, only a few studies have examined this point but the data currently available on fibre [74] , meat [43] or milk producing goats [28, 30, 32] tend to confirm that egg counts and worm populations are also aggregated in goats (Fig. 1) .
Repeatability of infection
The evaluation of the repeatability of infection within flocks is another important point to determine before designing selective treatments targeting host categories. Assessment of significant, high coefficients of repeatability for egg output within year and between years suggests that, overall, the same animals within flocks are responsible for most nematode egg excretion and pasture contamination during a grazing season or from a grazing season to another.
In dairy goats, a study conducted for two successive years on the same experimental flock demonstrated significant coefficients of repeatability, within the same grazing season, not only for parasitological parameters, that is egg output, but also for pathophysiological measurements [30] . These values of repeatability coefficients measured for egg counts in dairy goats (0.25 and 0.30) are close to those mentioned in Cashmere male (0.31) or female (0.19) goats [53, 54] and Angora goats [74] . In addition, repeatabilities calculated between years were also relatively high. These results in dairy goats were later confirmed from a larger survey examining the repeatability coefficients for egg excretion in farm flocks from different regions of production [32] . In most of the farms, the values for the repeatability coefficients within a year were high, ranging between 0.40 and 0.84. All-together, these data support the hypothesis that the same animals are regularly involved in the main part of pasture contamination.
These characteristics of distribution and repeatability of egg output within flocks appear favourable for the design of a selective treatment. However, the key question remains: is it possible to identify subgroups of animals which have a high receptivity/susceptibility to nematode infection on phenotypic traits?
Identification of less resistant animals in relation with age
In sheep and cattle, the results from both experimental and natural infections have repeatedly established a clear difference in the immune response depending on age. In order to obtain a more sustainable control of these parasitic diseases, recent suggestions have been debated and proposed which take into consideration these differences by restricting treatments to the youngest animals of the flock in cattle [72] or sheep [46] . In goats, a lower divergence exists in the level of infection between young and adult goats which probably reflects the low ability of goats to develop an immune response against gastrointestinal nematodes [27, 37] . Some observations obtained from natural infections indicate that adult goats are more infected than kids [58] but others find that the opposite is true [56] . However , in most systems of dairy goat production, goats less than one year old are conducted separately from the main flock, usually being kept indoors. Hence, the main epidemiological issue was to determine whether goats in first lactation and multiparous ones have or do not have differences in the level of egg excretion.
Recent examinations that address this last question have given contradictory results. A survey conducted for two successive years on an experimental flock showed significantly higher levels of infection in first lactation goats than in multiparous ones during the whole grazing season and particularly at the peak of parasitism [28] (Fig. 2a) . This result confirms previous descriptions of higher egg excretion in one-year-old goats compared to adult ones [51] . These data underline the importance for goats of previous contacts with parasites in order to acquire a relative degree of immunity against worms, although the response appears longer to acquire and less intense than in sheep [28, 48, 74] . On the contrary, the conclusions derived from surveys conducted on farms to examine the potential difference between age, were more equivocal [20, 32, 66] . In such surveys on farms, several factors might have interfered with the influence of age on infection, such as (i) the breeding management of goats before the first lactation conditioning the occurrence or not of previous contacts with nematodes, (ii) possible separate grazing between first lactation and adult goats and (iii) the lighter weight of young goats which could explain less underdosing and a better Targeted treatments against trichostrongyles in goatsefficiency of anthelmintics in this category of hosts.
Identification of less resistant/resilient animals related to the level of production
Genetic selection and improvement of nutritional resources have allowed a general increase in the production levels of livestock. However, it has also become apparent that high levels of production could be associated with negative side effects, including higher susceptibility to pathological processes, due to either excessive nutritional stress or genetic components [14, 57] . In some instances, the differences in response to parasitism have been identified as some of the undesirable effects associated with high production. Goats are classified according to their level of milk production in the absence of parasitic challenge. All the goats were treated with an anthelmintic after October (* statistical difference between first lactation and multiparous goats or between high and low producers).
It has been suggested from both experimental studies and epidemiological surveys in dairy cattle that animals from high producing herds are more infected than others [44] and that, both on a herd and on an individual basis, high producing cows benefit more from anthelmintic treatments than low producing ones [3, 25, 55] .
In a similar way, several results in sheep have shown that the level of production is positively related to susceptibility to nematode infection. This was assessed on lines of sheep selected either for wool production or for meat production where faecal egg excretion or worm burdens were significantly higher as compared to values from non selected animals [36, 50, 77] . In addition, on a study measuring host resistance to internal parasites on lines of sheep selected for different traits of production, positive correlations calculated between lines were found between egg excretion and liveweight or wool growth [49] . In addition, a significant positive genetic correlation was also calculated between trichostrongyle egg output and fleece weight within selection lines [49] . In contrast, in a number of situations, significant negative genetic correlations were established between faecal egg counts and production traits as the growth rate in lambs [2, 5] or kids [48] , or weight gain and fleece weight in Romney lambs [4] . In all cases, the phenotypic correlations were not significant.
In New Zealand, a negative genetic correlation has also been described between milk yield and faecal egg counts in Saanen dairy goats [51] . On the contrary, results from several other studies are concordant and strongly support the hypothesis that animals with the highest level of milk production are both less resistant and less resilient to gastrointestinal infection. The first studies on experimental infections with H. contortus and T. colubriformis showed that the high producers within a flock present a higher level of egg excretion than the low producers both after a single infection [26] or following repeated infections and challenge [9] . The results from surveys of specific flocks submitted to natural nematode challenges in oceanic and submediterranean climatic conditions confirm these experimental results. High producers within the flocks were found to be largely responsible for pasture contamination since their egg output exceeded the mean flock values by 10 to 120% depending on the season or environmental conditions [13, 28] (Fig. 2b) . In addition, results from a larger scale survey conducted on 16 dairy goat farms from the three main regions of production indicate that goats with the highest level of milk production contribute more largely to flock egg excretion, both when referring to the mean annual excretion or to the peaks of parasitism [32] .
Moreover, comparisons of pathophysiological parameters, related to the abomasal and intestinal lesions, and milk yield in these different studies indicate that high producing goats are less resilient to nematode infections than low producing ones. For example, the mean decreases in milk yield induced by mixed experimental infection during the first three months of lactation were evaluated to approximate -18% in high producers but only to -6% for the whole herd [26] (Fig. 3) . As in dairy cattle, the responses in milk yield to anthelmintic drenches are also more prominent in the high producers than in low producing goats within the same flock [8, 28] . Whether the origin of this higher receptivity and susceptibility to digestive parasitism in highly productive goats is due to a nutritional or a genetic component remains to be questioned, despite the recent results on interactions between the protein content of diet and nematode infection [17] . Whatever the origin, the overall results underline the major benefits which could be associated with the specific administration of anthelmintics to high producers, both to prevent pasture contamination and in terms of economic returns in milk yield following treatment.
Targeted treatments against trichostrongyles in goats
EXPERIMENTAL ASSESSMENT OF SELECTIVE TREATMENT IN DAIRY GOATS
The results from these experimental and epidemiological studies provide a rationale for the selective application of anthelmintics, during the grazing season, by targeting the less resistant and less resilient animals depending on age or level of milk production. Studies were then conducted to verify experimentally whether a selective treatment could be as efficient as a systematic one to control the gastrointestinal infections of goats and pasture contamination and to allow milk production. These points were first examined on an experimental flock and secondly, through a larger scale survey on farms in regions of goat production with contrasted climatic and epidemiological conditions. It is worth underlining that the selective applications of treatments were restricted to the time of goats being outdoors, which usually corresponds to lactation. During winter housing, a systematic treatment with a molecule from another anthelmintic family was applied.
Studies on an experimental grazing flock
For two successive years, a flock of 120 grazing, naturally infected Alpine dairy goats was divided into two groups: in the first one, all the animals were drenched; in the second group, only the high producing and first lactation goats received the treatments, and they represented respectively one half or two-thirds of the whole group, depending on the year. Both groups were conducted on separate pastures but with similar stocking rates. Teladorsagia circumcincta and Trichostrongylus colubriformis were the two dominant parasitic species on the site. The results from the comparisons were concordant for the two successive years. No differences in parasite infections were detected between the two groups whatever the mode of anthelmintic application, that is systematic or selective, as assessed by mean egg outputs, or pathophysiological parameters related to the abomasal or the intestinal species. Moreover, no differences in mean milk production were noticed between the two groups although 33 to 50% of the goats remained undrenched in the group receiving the selective treatment [33] . These first results hence suggest that (1) an effective control of infection with gastrointestinal nematodes might be achieved by relying on a selective treatment during grazing; (2) that this targeted application of anthelmintics has no detrimental effect on milk production; (3) that the proportion of goats left untreated (between one-third and one-half) does not modify these conclusions.
Surveys of dairy goat farms in different areas of production
To confirm the previous results from the experimental flock and to determine whether the nature and intensity of nematode challenges could interfere with the efficiency of the method, a survey was set up on 16 goat farms from three main areas of production in France (west, southwest and southeast). Due to the impossibility to divide farm flocks into two separate grazing groups, the survey was conducted for two successive years. Systematic treatments were given in year 1. The following year, targeted treatments were applied on the flocks based on the same criteria of selection for the treatments (i.e. first lactation and high producing goats), with one-third of the flock remaining undrenched during the whole grazing season.
Again, the overall results did not indicate any major difference in the mean annual egg output in the 16 surveyed farms when switching from systematic to selective treatments. This similar efficiency associated with a reduced number of treated animals per flock was not compensated by any increase in the number of annual drenches since the mean annual number of treatments fell from 3.5 to 2.1. Lastly, the recorded annual milk production obtained from 10 farms did not show any major drop from year 1 to year 2 [34] .
Farm surveys for several years
Results from the previous studies tend to confirm an absence of adverse consequences associated with targeted treatments. However, they cannot preclude any cumulative effect which can lead to negative consequences of parasitism, possibly postponed after several years of selective applications of anthelmintics during the grazing seasons. To examine this point, the farm survey was continued in one of the regions (southwest) for three years after the switch from systematic to selective treatments. Preliminary results have not shown any deterioration in the level of gastrointestinal infection, measured through egg output, nor any detrimental repercussions on milk production.
CONCLUSIONS/PERSPECTIVES
The ongoing work tends to indicate that selective treatment could represent one possible short term solution in dairy goat systems allowing to combine the control of nematode parasitism, maintenance of milk production and management of anthelmintic resistances. However, several basic and applied questions remain to be addressed in order to improve the method.
In particular, most of the data assuming that targeted treatments allow to dilute and delay anthelmintic resistances have been supported by theoretical considerations and mathematical models, but it seems essential to measure the real benefit associated with the selective treatments on the process of anthelmintic resistance through experimental studies. Similar studies should also provide Targeted treatments against trichostrongyles in goatsdata to determine more precisely which proportion of animals should be treated and which part can remain untreated in order to get the best balance between efficiency of control and management of nematode resistance. Lastly, since rapid identification of heavily infected animals is the cornerstone of the method, development of cheap, accurate methods of diagnosis, easily applicable on farms would represent a major issue in order to improve any application of selective treatment, by clear assessment of the most infected goats [21] .
Although these points and many others remain to be explored, the results currently acquired provide data for possible implementation in the field of selective treatments during the grazing season. The method will have to be integrated and completed with other measures aiming at preventing the development of anthelmintic resistance, in particular the systematic treatment of the whole flock at housing with anthelmintics from other families. It is also important to stress that care should be taken when discriminating high vs. low producers based on data of milk production recorded at times when the nematode challenge is nil or low, since the more severe impact of parasitism on milk yield in high producing animals could induce mistakes in classification. Obviously, the method based on the phenotypic identification of goats depending on milk production is not suited for meat-producing goats which represent the main population in the world. For this type of animal, other options have to be considered such as the FAMACHA  system [68] , since meat producing goats are mainly bred in tropical regions where H. contortus is the dominant species. The genetic selection for resistance is another option [48] .
Lastly, when considering the difficulties to transmit simple messages to farmers and veterinarians, such as the necessity to double the recommended ovine dose of benzimidazoles in goats [29] , it is clear that the implementation of selective treatments will require a huge effort for the dissemination of the results and for distributing information to the farmers.
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